Abstract. Space and time variations of equivalent currents during morning-sector Pc5 pulsations (T ∼ 2-8 min) on 2 days (18 January and 19 February 2008) are studied in the context of substorm activity with THEMIS and MIRACLE ground-based instruments and THEMIS P3, P5, and P2 probes. These instruments covered the 22:00-07:00 magnetic local time during the analyzed events. In these cases abrupt changes in the Pc5 amplitudes, intensifications and/or weakenings, were recorded some minutes after auroral breakups in the midnight sector. We analyze three examples of Pc5 changes with the goal to resolve whether substorm activity can have an effect on Pc5 amplitude or not. In two cases (on 19 February) the most likely explanation for Pc5 amplitude changes comes from the solar wind (changes in the sign of interplanetary magnetic field B z ). In the third case (on 18 January) equivalent current patterns in the morning sector show an antisunward-propagating vortex which replaced the Pc5-related smaller vortices and consequently the pulsations weakened. We associate the large vortex with a field-aligned current system due to a sudden, although small, drop in solar wind pressure (from 1 to 0.2 nPa). However, the potential impact of midnight substorm activity cannot be totally excluded in this case, because enhanced fluxes of electrons with high enough energies (∼ 280 keV) to reach the region of Pc5 within the observed delay were observed by THEMIS P2 at longitudes between the midnight and morning-sector instrumentation.
Introduction
During auroral substorms the strongest geomagnetic activity and auroras appear typically in the midnight sector of the auroral oval (McPherron, 1979; Akasofu, 1964) . Some studies have shown, however, that sudden changes in the conditions in other sectors of the auroral oval may happen simultaneously with the substorm breakups at midnight. Statistical surveys have shown that the auroral electrojets in dawn and dusk sectors can intensify (Borälv et al., 2000) , and morning-or noon-sector geomagnetic pulsations can either intensify or weaken (Samson and Rostoker, 1981; Rostoker et al., 1984) at substorm breakup times or soon after them. Whether there is a real cause-effect relationship between substorm breakups and activity changes in dawn and dusk sectors or whether both changes are just driven by the same alteration in solar wind is one of the open topics in solar-terrestrial physics.
Coordinated analysis of ground-based and satellite observations can be used to address the problematics of coincidental activity changes in midnight and other sectors of the oval. In the case of substorm-electrojet linkage Borälv et al. (2000) come to the conclusion that the cause-effect relation exists, and they attribute the transfer of information from midnight sector to dawn and dusk to rapid changes in the convection electric field. Connors et al. (2003) demonstrate how morning-sector Ps6 pulsations and the related omega bands can appear simultaneously with substorm onset at midnight. Ps6 is a fluctuation with a period of 10-40 min. They are seen primarily in the east component of magnetic field in the post-midnight sector during the recovery phase of substorms and during steady magnetospheric convection (McPherron, 2005) . Also in this case the electric field intensification at the time of onset is suggested to trigger the Ps6 activity in the morning sector. In the above-mentioned early studies on the substorm-pulsation linkage, Rostoker et al. (1984) suggest that interplanetary magnetic field (IMF) B z (north-south component) changes to positive values trigger both the substorm and the favorable conditions for morning-sector pulsations. The case study of storm time pulsations by Kleimenova et al. (2005) demonstrates how density variations in the solar wind can either enhance or suppress morning-sector pulsations synchronously with midnight substorms or with less irregular pulsation bursts in the evening sector.
The morning-sector geomagnetic pulsations discussed by Rostoker et al. (1984) and Kleimenova et al. (2005) are socalled Pc5 pulsations, whose typical periods are in the range of ∼ 2-8 min. Pulsations have been studied extensively now for more than forty years (for reviews on previous studies, see Baker et al., 2003, and McPherron, 2005) . They are caused by ultra-low frequency (ULF) plasma waves appearing in the magnetosphere and driven either by ULF waves in the solar wind (e.g., Kepko et al., 2002; Fenrich and Waters, 2008; Stephenson and Walker, 2010; Zelinsky et al., 2014) or by Kelvin-Helmholtz instability (KHI) building up at the magnetopause where velocity shear between magnetosheath and magnetospheric plasma velocities can appear (e.g., , and references therein). The generation of Pc5 pulsations is often connected with excitation of resonance oscillations of magnetic field lines (field-line resonances, FLRs) in the magnetosphere (Samson et al., 1992; Ziesolleck and McDiarmid, 1995) . FLRs can appear in two modes, toroidal and poloidal. In the toroidal mode, which is more common, field-line displacements take place in the longitudinal direction.
The extensive statistical study on Pc5 activity by Baker et al. (2003) reveals that FLRs appear preferentially in the morning sector at high latitudes and when the solar wind speed is high (more than ∼ 550 km s −1 ). Their occurrence probability is slightly higher for positive than for negative IMF B z . In the traditional schematic description resonating field lines are compared to vibrating strings whose ends are attached to the high-latitude ionosphere at the Northern and Southern hemispheres. Standing plasma waves appearing, for example, in the cavity between magnetopause and plasmapause feed energy to the vibrating field lines. Vibrations are strongest at those field lines which have the correct length and plasma density for resonant interaction with the cavity waves. In a more realistic theoretical description the cavity is replaced with a waveguide which is open in the downtail direction. Furthermore, the outer boundary at magnetopause is modeled with a free boundary allowing energy exchange between magnetosphere and magnetosheath flows .
The magnetic field variations, Pc5 pulsations and substorm breakups, observed at the ground are associated with the current system which the magnetohydrodynamic (MHD) waves of FLRs generate (Scoffield et al., 2005) . This system consists of a set of field-aligned currents (FACs) with varying directions according to latitude and the associated Hall and Pedersen currents in the ionosphere (cf. Fig. 19 in McPherron, 2005) . The latitude of resonant field lines can be located with data from a meridional ground-based magnetometer chain: the amplitude of oscillations is largest and the phase has a change of 180 • at the FLR footpoint. In this region also the variations in the ionospheric electric field are strongest (Scoffield et al., 2005) .
One attempt to address the issue of substorm-Pc5 connection is presented in the paper by Kauristie et al. (2013; hereafter KKetal2013) where two pulsation intervals, during 04:00-06:00 UT on 18 January and 19 February 2008, were analyzed with a collection of ground-based and satellite data. In the present study we continue the analysis of KKetal2013 by studying dynamics of morning-sector ionospheric currents during their Pc5 events. We present equivalent current distributions as derived from the Fennoscandian International Monitor of Auroral Geomagnetic Effects (IMAGE) magnetometer chain data (Viljanen and Häkkinen, 1997) with the method of spherical elementary current systems (SECSs, Amm and Viljanen, 1999) . Our goal is to investigate whether there are some changes in the regional current patterns which would give new information about the differences between the Pc5 intensifications and fadings observed by KKetal2013.
In the next section we give a brief summary of the KKetal2013 study. After that we introduce the SECS method and present results from the IMAGE data analysis. A summary of our main findings and concluding remarks are presented in Sect. 5.
The example events on 18 January and 19 February 2008
In KKetal2013 two pulsation periods, during 04:00-06:00 UT on 18 January and 19 February 2008, were analyzed with an extensive set of ground-based and satellite data from the NASA Time History of Events and Macroscale Interactions during Substorms (THEMIS) mission (Angelopoulos, 2009; Mann et al., 2008) observing the midnight sector and with Fennoscandian (Magnetometers -Ionospheric Radars -All-sky Cameras Large Experiment, MIRACLE) and Greenland ground-based instrumentation (Syrjäsuo et al., 1998; Friis-Christensen et al., 1985; Hagfors, 1982; Röttger, 1991) which was monitoring the morning-sector activity (cf. Fig. 1 ). The solar wind conditions as observed by the Geotail satellite during both events are discussed below in Sect. 4.3. The two events are interesting siblings in the sense that the constellation of spacedbased and ground-based instrumentation happened to be essentially the same for both cases which themselves resem- Kauristie et al., 2013) .
bled each other in several respects. In both cases Pc5 activity showed typical FLR features as driven by high-speed solar wind and the properties of pulsations experienced rapid modifications within 2-4 min delays, i.e., roughly within the pulsation period time, from substorm breakups which took place in the midnight sector. Figures 2 and 3 summarize the mutual timing of substorm activity and Pc5 pulsations as reported in KKetal2013. The periods of Pc5 weakenings and intensifications are marked with blue and red boxes and shadings in the figures. During the first substorm (Fig. 2 ) a clear weakening of Pc5 was observed in the morning sector some minutes after an auroral breakup at ∼ 22:00 magnetic local time (MLT) and ∼ 67 • magnetic latitude (MLAT) (GIL, cf. Fig. 1 , auroral data not shown here) at 05:11 UT. In THEMIS ground-based magnetometer data the substorm expansion phase activity is seen as negative deviation in magnetic north component starting at the same time as the auroral breakup at GIL but being recorded first at station SNK and only some minutes later at GIL. During the second substorm (Fig. 3 ) the first auroral breakup was observed, at GIL at 05:25 UT and a further intensification in auroras and ionospheric currents took place 12 min later at MLAT ∼ 74 • (RAN). The morning-sector pul- Kauristie et al., 2013) .
sations intensified at the time of the first breakup, while the auroral intensification at RAN was followed by a decrease in Pc5, not as intensive as in the case of 18 January 2008, but a clear local weakening anyway.
Energetic electron flux measurements by THEMIS satellites (P3, P4, and P5) in the magnetotail at distances 9-11 Earth radii (R e ) showed increases some 2-4 min after the activations in all the three cases. This suggests that the initial onset regions were either in the center or on western side of the THEMIS satellites as electrons drift to the east from the longitude of substorm onset injection (Li et al., 1998 (Li et al., , 2003 . An alternative explanation for the flux enhancements can be leakages of electrons from the outer radiation belt due to changes in the magnetic topology (Sergeev et al., 2008) in which case estimating the onset longitude and timing is not straightforward. The THEMIS satellite P2, which was longitudinally separated with ∼ 50 • eastward (westward) from the other satellites on 18 January (19 February), showed electron (ion) flux enhancements with energy dispersion soon after the flux enhancements in the midnight sector. An interesting coincidence is that the electron flux increases at THEMIS satellites took place systematically around the same times as the Pc5 intensity changes took place in the morning sector. THEMIS P2 and P5 electron flux data are discussed in more detail below (in Sect. 4.3).
During both substorm events some signatures of eastwardpropagating auroras were observed in THEMIS all-sky cam- Kauristie et al., 2013). eras (ASCs) during the cases of Pc5 fading while in the case of Pc5 intensification such auroras were missing. Although the eastward-propagating auroras were rather dim, they in some sense resemble so-called "auroral horns", which have been studied, for example, by Koskinen et al. (1990) . Their study suggests that the ionospheric signature of a magnetosonic wave can be an auroral horn propagating either westward of eastward from the breakup region. With typical magnetosonic wave propagation speeds information can spread from the midnight sector to dawn sector in ∼ 4 min (Borälv et al, 2000) , which is a similar delay time as observed in the cases of 18 January and 19 February 2008. However, if such wave propagation really took place, for example, on 18 January, it did not cause any obvious signatures for Greenland ground-based magnetometers (cf. NAN and NAQ magnetograms in Fig. 2 ).
Deriving ionospheric equivalent currents from ground-based magnetometer data
Any vector field appearing on a spherical surface can be represented as a combination of two vector fields, one divergence-free and the other is curl-free. This is true also for the horizontal ionospheric currents which we here assume to flow in a thin sheet at 100 km altitude. From the current continuity equation it follows that FACs are linked with the curl-free part of horizontal currents and together these currents form a poloidal current system whose impact cannot be measured by ground-based magnetometers (Amm, 1997) .
On the contrary, the divergence-free part of horizontal currents (J df ), which is also called equivalent currents, can be measured with ground-based instrumentation. In the first approximation (with absence of strong conductance gradients) the curl-free and divergence-free parts of horizontal currents can be associated with Pedersen and Hall currents, respectively.
If the ratio of Hall to Pedersen conductance (often called α parameter) can be assumed to be a constant and the gradient of Hall conductance to be mainly in the direction of ionospheric electric field, then the FAC density can be estimated with the following formula (Juusola et al., 2009 ):
In this study we will not use Eq.
(1) for j FAC intensity estimates as we do not have any reasonable means to estimate α, but we will keep in mind that clockwise (counterclockwise) vortices in equivalent current patterns (see below) can be associated with downward (upward) FAC locations which are roughly in the center of the vortices. In the approach developed by Amm (1997) and Amm and Viljanen (1999) the two components of ionospheric currents are represented with two different types of SECSs. For mathematical and graphical representation of these systems, see, e.g., Juusola et al. (2006) . For creating two-dimensional (2-D) equivalent current patterns for the Fennoscandian region we use a grid of divergence-free elementary current systems, where the poles of the systems cover the latitude-longitude region from 53.9 • N, 2.5 • E (south-west edge) to 83.9 • N, 43.1 • E (north-east edge). The distances of the poles in the grid are 0.6 and 1.4 • in latitudinal and longitudinal directions. The intensities of the elementary currents are determined so that they provide the minimum error match with the IMAGE magnetometer recordings. Equivalent currents are computed in a grid with latitudes from 59.0 to 79.4 • N and longitudes from 3.2 to 42.4 • E. In this grid the latitudinal and longitudinal resolutions are the same as those in the grid of elementary current poles. In the studies on auroral electrojets we use latitude-vs.-time plots where the intensity and direction of the electrojet is defined by the east-west component of the equivalent currents along the central meridian (22.1 • E) of the 2-D equivalent current patterns.
The approach which we use here for deriving equivalent currents is exactly the same as that used for generating the 10-year database of equivalent currents in the EU FP7 ECLAT (European Cluster Assimilation Technology) project (Juusola et al., 2014) . ECLAT produced several data products from ground-based instrumentation to support analysis of Cluster satellite mission data. These data products are now available in the Cluster Active Archive (http://caa.estec.esa. int/caa/). When studying relatively weak equivalent currents, like is the case in our Pc5 event on 19 February 2008, it is important to determine the baseline levels for magnetometer data with special attention. For the baseline determination we have used the routines developed in ECLAT (van de Kamp, 2013) , which do a careful job in eliminating the impact of quiet time current systems from magnetometer data and handle the north and east components of the magnetic field separately.
Results from the SECS analysis
Figures 4 and 5 present the electrojet variations in time and latitude during 04:00-06:00 UT on 18 January and 19 February 2008. Westward (eastward) equivalent currents are shown with blue (red) colors in the plots. The two substorm events took place in slightly different solar wind conditions. The solar wind speed (shown in Sect. 5.1) was higher on 18 January (∼ 700 km s −1 ) than on 19 February (∼ 620 km s −1 ) which most likely is the reason for the intensity of pulsations to be larger in the first event than in the second one (note the different scales in the color palettes of Figs. 4 and 5). During the first event IMF B z is mostly positive (cf. Fig. 9 ) and consequently the electrojet activity stays roughly at the same latitudes during the whole period. During the second event IMF B z was mainly negative during 04:30-05:10 UT (cf. Fig. 10 ), and thus dayside reconnection was ongoing and caused polar cap expansion, which is visible in Fig. 5 as a gradual shift of the electrojet to lower latitudes. As demonstrated, for example, by Hubert et al. (2010) the poleward boundary of morning-sector westward equivalent currents can sometimes be used as a proxy for the open-closed field-line boundary (polar cap boundary). Estimating the polar cap location and its motion is not straightforward in our first event (Fig. 4) , because pulsation activity was dominating over the background electrojet activity. However, according to auroral camera data from Ny-Ålesund (NAL), the polar cap boundary was poleward of 79 • N (geographical latitude), as auroras were observed in the northern sky of the station during the whole period.
The geomagnetic pulsations appear in Figs. 4 and 5 as sequences of blue and red temporal increases (blobs) in two latitudinal bands. Typically, when a blob in the band of lower latitude is red, then the simultaneous blob in the higherlatitude band is blue (and vice versa). Such structures correspond to vortices in 2-D equivalent current plots. When a KKetal2013 present some results from a spectral analysis for the 20 min periods where pulsations were most prominent during the two events. This analysis reveals that the most dominant frequencies in the Pc5 pulsations shifted from a lower frequency to a higher frequency in both cases. On 18 January the dominant frequency was 3.1 mHz during 04:10-04:50 UT and 5.2 mHz during 04:50-05:10 UT. On 19 February the dominant frequencies were 4.0 mHz and 4.7 mHz for periods 05:05-05:25 and 05:25-05:45 UT. On 18 January the shift in the frequency was associated also with a change of the resonant latitude from 71 • MLAT (BJN station) to 68 • MLAT (NOR station). All these changes can be seen also in Figs. 4 and 5, and in the following discussion on 2-D equivalent current patterns we have divided the events into some A clockwise (CW) vortex on the southern or south-western side of Svalbard is the most typical equivalent current pattern observed during our pulsation events. As explained above, such a pattern can be associated with downward field-aligned currents. As Svalbard magnetometers were collecting data from the high-latitude morning sector, a likely explanation for the tendency of downward FACs to dominate in our current patterns is the presence of large-scale Region 1 (R1) currents in the analysis area. R1 current in the morning sector flows downward. During Period 1 the vortex was rather stable in its intensity and location. Equivalent currents in the Fennoscandia mainland (at stations NOR and KEV) remained weak throughout this period.
04:11-04:50 UT (Period 2 in Fig. 4, "FLR resonance at 71 • MLAT")
The intensity and size of the CW vortex on the south-west side of Svalbard (cf. Fig. 6a ) varied quasi-periodically during 04:11-04:50 UT. Occasionally, when the CW vortex was weak and small, patterns of three simultaneous vortices with opposing rotation directions could be observed. Figure 6b shows an example of such pattern: a CW vortex south-west of Svalbard, counterclockwise (CCW) vortex between Svalbard and BJN (station marked with a gray square in the Arctic Sea) and a CW vortex between BJN and mainland. Unfortunately, the vortex structures were not in the region of densest magnetometer network, but we can see that the triple vortex structure is confirmed by oppositely directed equivalent currents in the close vicinity of some critically located magnetometer stations. Equivalent currents in the Fennoscandian mainland (at stations NOR and KEV) were somewhat stronger than during Period 1 and their directions had some variations, like Fig. 4 demonstrates.
04:51-05:09 UT (Period 3 in Fig. 4, "FLR resonance at 68 • MLAT")
During 04:51-05:09 UT the CW vortex in the Svalbard was accompanied by another vortex located between BJN and mainland. The CCW and CW directions varied in the latter vortex, with CCW vortex being typically more pronounced (cf. Fig. 6c ) than the CW one (Fig. 6d ). The equivalent current intensities at the latitudes of KEV and NOR were stronger than earlier during this period. Some weaker vorticity were recorded also at lower latitudes (geographical latitudes 67-70 • N, cf. Fig. 6c ).
05:10-05:14 UT (Period 4 in Fig. 4, "Mode change")
Some dramatic changes in the equivalent current patterns took place during 05:10-05:14 UT. A strong CW vortex appeared in the region between BJN and mainland. Inspection of equivalent patterns in higher time resolution (10 s) reveals that this vortex expanded westward (i.e., from dawn towards midnight, cf. Fig. 6e and f) . As longitudinal coverage of magnetometer stations is very limited in the CW vortex region, it is difficult to say whether the vortex propagated to the analysis region from the prenoon sector or whether the structure just built up on the spot. However, it seems very unlikely that the structure came to the region from its western side, because magnetometers in Norwegian and Swedish mainland did not observe it before Finnish magnetometers.
In the context of this new vortex the auroras brightened and several arcs with vortex structures, smaller than the equivalent current vortex, were recorded by the all-sky camera at NAL (cf. Fig. 7) . These auroras are similar to those presented in the FLR study by Samson et al. (1996) . Si- multaneously with the new current vortex there was a small CCW (upward FAC) in the Svalbard region. The CCW vortex disappeared after a couple of minutes and at 05:14 UT the more typical CW vortex dominated the picture again, although now on the southern side of Svalbard. missing, the equivalent currents were small outside Svalbard ( Fig. 6h ) and had variable directions without clear systematic behavior. The absence of red and blue blobs at the BJN latitude in Fig. 4 during this period is explained partly by the occurrence of north-south-directed currents above this station.
2-D equivalent current patterns on 19 February 2008
The equivalent current patterns of 19 February repeat almost the same behavior as on 18 January. CW vortex south or south-west of Svalbard is again the most typical structure in these patterns. On 19 February the short Pc5 fading period was not preceded by such dramatic variations in current patterns as in the case of 18 January. As reference material for the 18 January event we describe briefly also the subperiods of 19 February below.
04:40-05:05 UT (Period 1 in Fig. 5, "Polar cap expansion")
Similarly as in the beginning of the 18 January event, a relatively stable CW vortex resided in the region south or southwest of Svalbard (example in Fig. 8a ). The CW vortex in Svalbard region conducted quasiperiodic intensity variations. Occasionally a CCW vortex appeared in the region between BJN and the mainland (example in Fig. 8b ).
05

05:26-05:43 UT (Period 3 in Fig. 5, "Pc5 of 4.7 mHz")
It is the same as above with the addition of occasional triplevortex patterns with a small CCW vortex above Svalbard (example in Fig. 8c ).
05:43-05:50 UT (Period 4 in Fig. 5, "Pc5 weakening")
There is a stable CW vortex between Svalbard and BJN (resembles Period 1 of this event).
Geotail and THEMIS P2 and Pmeasurements
Solar wind dynamics pressure and IMF B z
Geotail satellite measured the solar wind conditions near the magnetopause at X GSM ∼ 26 R e and X GSM ∼ 18 R e for 18 January and 19 February, respectively. Magnetic field and plasma measurements were conducted with the magnetic field (MGF) and low-energy particle (LEP) experiments, respectively (Mukai et al., 1994; Kokubun et al., 1994) . From LEP both the LEP-solar wind (LEP-SW) and LEP-EA (lowenergy particle experiment, energy-per-charge analyzer) instruments were used, from which the latter is designed to measure low densities prevailing typically in the magnetosphere.
As the solar wind speed was high during both events, the delays for the solar wind changes to propagate from Geotail to the magnetopause (at ∼ 10 R e ) were only some 1-3 min. Estimating the delay time from the magnetopause to ionosphere is not straightforward as it depends on the Alfvén velocity in the magnetosphere, which varies considerably along the signal propagation path. The literature presents different estimates for this delay. In the approach used in derivation of the polar cap index a delay of 20 min is assumed (Stauning, 2007) while Clauer and Banks (1986) concluded, from the basis of simulation results, that the propagation delay is ∼ 14 min. We use the latter estimate in our analysis for shifting the times of the periods presented in Figs. 4 and 5, when comparing them with changes in solar wind dynamic pressure and IMF B z .
As Figs. 9 and 10 show (in GSM coordinates), dynamic pressure of solar wind varied mainly around 1 nPa during both events, with one exception around 04:48-04:54 UT on 18 January, when the pressure dropped down to 0.2 nT. This pressure drop is associated with a transient drop in the ion density which was measured by the LEP-EA instrument and with a velocity drop from 700 to 600 km s −1 . Finding any systematic connection between IMF B z variations and changes in the pulsation characteristics is difficult, particularly in the case of 18 January, but we note that on 19 February the strongest pulsations were observed during Period 3 (and after Period 4), when IMF B z was mainly positive. So, at least in this particular case, the IMF B z direction seems to control the intensity of pulsations, which persisted throughout the analysis period, but were weaker when IMF B z was negative. On 19 February the solar wind density was stable (1.4-1.5 cm −3 ) throughout the period of our interest.
Gradient drift of electrons from the substorm injection region
On 18 January, the locations of the THEMIS P5 and P2 probes were in GSM coordinates (−8.9, −1.5, −3.4 R e and −8.4, −7.3, −3.7 R e ). Like Fig. 1 shows, the footpoint of P5 was in the vicinity of the substorm breakup region while that of P2 was roughly midway between the P5 footpoint and MIRACLE instruments. Figure 11 shows the electron number flux measurements by P2 and P5 for energy channels 90-279 keV. The delay of eastward drifting electrons in the chan- nels 90-134 keV from P5 to P2 is roughly ∼ 2 min (when the times of flux maxima are compared), which gives an estimate of 26 • min −1 (in magnetic longitude, cf. Fig. 1 ) for the azimuthal drift speed for these electrons. With this drift speed the electrons have reached the longitudes of MIRA-CLE network around 05:15 + ∼ 5 min, i.e., ∼ 05:20 UT. The electron flux values in the energy channel 279 keV are an order of magnitude smaller than those in channels 90-134 keV, but clearly enhanced above their background level. For these electrons the delay from P5 to P2 is insignificant at the time resolution relevant for Pc5 studies. Therefore, this population most likely reached the morning sector around the time when Pc5 weakening started. This example demonstrates that energetic electrons drifting from the substorm injection region can reach the morning sector in a few minutes, and thus they have potential to affect the Pc5 amplitudes there.
Summary and concluding remarks
We have studied the spatial and temporal distribution of equivalent currents in the morning sector of the auroral oval during two sequences of Pc5 pulsations (on 18 January and 19 February 2008) with FLR characteristics. Both events took place during periods of high solar wind speed (> 600 km s −1 ), and thus they very much resemble the case of wave over-reflection at magnetopause as described in the model by . In this scenario magnetosheath flows can extract energy from the background solar wind flow and feed it to the magnetospheric waveguide modes. A disturbance in the over-reflection mechanism would be a natural explanation for the temporal weakenings in Pc5 intensity which we describe in this study. As the solar wind speed remains high throughout our events, the cause must be somewhere else in the coupling process. With ionospheric equivalent currents we can probe magnetospheric processes in a wide latitude range if they are linked with the ionosphere, for example, with FACs, like they typically are in the case of FLRs. Equivalent currents have been derived from groundbased magnetometer network data with the method of SECSs (Amm 1997; Amm and Viljanen, 1999) . We want to demonstrate that some information about the dynamics of FLRrelated FAC systems in a wider context can be deduced with the SECS method, although the impact of small-scale structures in ionospheric currents (L ≤ 50 km) becomes smoothed out from ground-based magnetic observations (Untiedt and Baumjohann, 1993). Optical and radar measurements, when available, can describe FLR signatures with a better resolution (Milan et al., 2001 ). In our events the most typical equivalent current pattern associated with Pc5 activity is a clockwise vortex, i.e., signature of a downward FAC with pulsating intensity and varying size and location. This vortex was at high latitudes (MLATs 74-75 • ), which gives us reason to believe that the vortex is a combined signature of morning-sector large-scale R1 and FLR FACs. Meridional sequences of two or three vortices with opposing rotation directions (upward and downward currents) which are more consistent with previously reported FLR FAC systems (Scoffield, et al., 2005; McPherron, 2005) appear in our equivalent current patterns too, but also in these structures the most poleward FAC was typically downward, i.e., parallel to morning-sector R1.
The changes in resonant frequency and latitude which the traditional FLR analysis (see, e.g., Ziesolleck et al., 1998; Samson et al., 1992; reveals for the two pulsation periods are visible as abrupt changes in the equivalent current patterns, as well. The shifts to higher resonant frequencies are associated with intensifications of equivalent current vortices at lower latitudes which represent footpoints of shorter field lines. The latitudinal distribution of magnetometer stations used in this study sets a limit for the accuracy with which we can determine the location of the resonant latitude. Within this limit, both the traditional analysis and SECS analysis locate the resonant latitudes to the same regions (poleward of BJN and NOR stations, white dashed lines in subperiods 2, 3 of Fig. 4) . The longitudinal distribution of MIRACLE magnetometer stations allows estimates of azimuthal wave number (m) and phase speed at two latitudes, MLAT 66.4 and 64.5 • , with maximal longitudinal separation of 9 and 12 • , respectively. Analysis of the Y -component magnetograms yields m ∼ 7-8 and westward azimuthal phase speed of 11 km s −1 (18 January, ∼ 05:10). The combination of solar wind speed and phase speed in our event is similar to those observed by Mathie and Mann (2000) in the case where the azimuthal phase speed can be associated with the propagation speed of shear flow instability at the magnetopause (cf. Fig. 11 of Mathie and Mann, 2000) .
The two pulsation periods which we have analyzed occurred during substorm periods, and the Pc5 intensity in the morning sector showed some abrupt changes in the association of substorm breakups or auroral intensifications in the midnight sector. In particular, temporal weakenings of Pc5 activity were observed some minutes after breakup times in both cases. The potential connection between morning-sector Pc5 weakening and midnight substorm activity is discussed by KKetal2013. In their discussion on the potential reasons for this decrease three mechanisms are presented: (i) the substorm breakups change the global topology of magnetospheric magnetic field so that the conditions for field-line resonances disappear although KHI at the magnetopause would still maintain wave activity, or (ii) enhanced auroral precipitation in the morning sector changes the conductance (and electric field) at the footpoints of the resonating field lines so that they cannot maintain the standing wave oscillation anymore, or (iii) energetic particle injection to inner magnetosphere (Baker et al., 2002; Li et al., 2003) or energetic electrons leaking from outer parts of radiation belt (Borovsky and Denton, 2011) cause changes in magnetospheric resonance conditions.
The analysis of the equivalent current patterns and THEMIS satellite data conducted in this study reveals that the weakening of Pc5 pulsation on 18 January may be explained with two different scenarios, one triggered by changes in solar wind and the other related to substorm activity:
-According to Geotail data the solar wind dynamic pressure had a sudden drop at 04:48-04:52 UT, which most likely caused the sudden change in our equivalent current vector patterns from FLR-related smaller vortices to one single large CW vortex propagating antisunward. We associate the large vortex with a new downward directed FAC which built up as a response to the sudden pressure drop. These processes could disturb the energy transfer between the KHI at the magnetopause and magnetospheric FLRs and consequently also cause the weakening of Pc5 activity during a period of ∼ 15 min after the appearance of the new FAC.
-Our re-analysis of THEMIS satellite data reveals that we cannot totally exclude the midnight substorm activity from the factors affecting morning-sector Pc5 activity. The substorm breakup observed at the midnight sector was associated with a population of energetic electrons (∼ 200 keV) which most likely reached the morning-sector flux tubes by the time of Pc5 weakening. Therefore it is possible that this new particle population modulated either the content of flux tubes or the conductance at their footpoints so that the resonant activity ceased.
The statistics by Baker et al. (2003) show increased Pc5 occurrence for IMF B z > 0, which is consistent with our data collected during the second pulsation period on 19 February 2008. In that case a likely explanation for the Pc5 weakening comes from IMF B z turning to negative values. We cannot use P2 to analyze eastward-drifting electrons similarly as done above for the case of 18 January, because on 19 February the THEMIS probes were in the evening and midnight sector of the oval. Surprisingly, also in this case a short-lived enhancement of energetic electrons was observed in the evening sector by P2 (simultaneously with an energy dispersed enhancement in ion fluxes) at 05:25 UT, i.e., around the time of auroral breakup in the midnight sector and of a change in the most dominant FLR frequency in the morning sector. The observation of simultaneous enhancements in energetic electron fluxes both in the midnight and evening sector resembles the substorm case reported by Blake et al. (2005) , where bursts of energetic electrons were observed at several local times and radial distances simultaneously ∼ 10 min after the substorm onset. The authors interpret their observations as a reconfiguration of the magnetosphere driven by similar changes in IMF B z direction as observed in our case. It is clear, however, that IMF B z changes alone cannot generate these reconfigurations as globally distributed bursts of energetic electrons are rarely observed in the magnetotail. Like explained above, on 18 January the Pc5 weakening was preceded by a 4 min period when a westward-expanding, strong CW vortex replaced the Pc5-related equivalent current pattern with two smaller vortices in the morning sector. The new vortex was at closed field lines, and it was occasionally accompanied by a small CCW vortex (upward current) which appeared at higher latitudes in the region where typically the downward R1 currents reside. After the 4 min period, similar equivalent current patterns were recorded as before the CW vortex intrusion, but the equivalent current intensities were smaller than for the periods of clear FLR activity. We also want to point out that a part of the Pc5 weakening which is visible in the filtered magnetometer data (Fig. 2) may be due to non-optimal distribution of our magnetometer stations. As the equivalent current patterns of Pc5 are localized in longitude, a shift of the current system may appear as weakening in the pulsation amplitude when measured with a single station.
With the available observations is it is difficult to determine which mechanism in the magnetosphere caused the new CW vortex on 18 January. Traveling convection vor-tices (TCVs) and flux transfer events (FTEs) are examples of such localized dayside structures which could cause similar ionospheric signatures as were observed in our case. As FTEs appear at open field lines, a TCV would be a more plausible candidate to explain the CW vortex of our case. According to Moretto and Yahnin (1998) the FACs of TCVs build up deep inside of magnetosphere. It is possible that our regional magnetometer network cannot see the entire twinvortex pattern which in the case of TCVs can extend over 80 • in longitude (Amm et al., 2002) , but on the other hand we did not see the twin-vortex pattern drifting across our network similarly as in some earlier TCV studies. Also, the values of solar wind dynamic pressure in our case -in the range from ∼ 1 to 0.2 nPa -are different from those of typical TCV conditions (e.g., Friis-Christensen et al., 1988) . The minimum of 0.2 nPa is associated with a velocity drop from 700 to 600 km s −1 and with drop of solar wind density from values above 1 cm −3 to values around 0.3 cm −3 . The low density values were measured by the LEP-EA instrument of Geotail, which is designed to measure low densities prevailing typically in the magnetosphere (Mukai et al., 1994) . We believe that the cavity of low density values in solar wind, which caused the switch from the standard solar wind instrument (LEP-SW) to LEP-EA, was also able to generate the antisunward-propagating FAC system which resembled a TCV, but was most likely smaller in spatial dimensions and had a shorter lifetime.
Our case studies demonstrate that both solar wind changes and substorm activity can cause variations in the intensity of morning-sector Pc5 pulsations. Regional equivalent current patterns appeared to be a useful way to study the impact of solar wind changes, while particle measurements in the magnetotail are needed to observe the linkage between substorm onsets and Pc5 activity. An interesting topic for future statistical studies could be to check whether there are systematic differences in the Pc5-related equivalent current patterns as response to different driver mechanisms (solar wind ULF waves vs. KHI at magnetopause). The ECLAT archive of 2-D equivalent current data available in the Cluster Active Archive and the OMNI solar wind database will be valuable assets to facilitate such work.
